The reduction of MoO 2 powder by hydrogen is one of the most important steps for manufacturing ferromolybdenum alloy and molybdenum powder. The results of experiments on the kinetics of this reaction are presented in this paper. The experiments were carried out under nonisothermal condition in hydrogen atmosphere using TGA equipment. The nonisothermal experiments were carried out at various linear heating rates up to 1273 K. It was found that the reduction reaction is very fast under the whole heating rate until the reduction ratio of MoO 2 approaches to about 0.92. The reduction ratio of MoO 2 was about 0.98 after finishing the reduction reaction at a heating rate of 4 K/min. Kinetics of the reaction was analyzed from the dynamic TGA data by means of Coats and Redfern equation. The nucleation and growth model yielded a satisfactory fit to these experimental data.
Introduction
Molybdenum is a refractory metal mainly used as an alloying agent for manufacturing steels, cast irons, and superalloys to increase their mechanical strength, hardness, stiffness, and their resistance to corrosion and wearing. Specially, as an alternative additive of molybdenum in the steel industries, ferromolybdenum alloy which is an alloy of iron and molybdenum has been used primarily. 1) The two most common grades of ferromolybdenum alloy are low-carbon ferromolybdenum alloy and high-carbon ferromolybdenum alloy. 1, 2) The high-carbon ferromolybdenum alloy is made by reducing technical grade molybdenum oxide (MoO 3 ), calcium molybdate (CaMoO 4 ), or sodium molybdate (NaMoO 4 ) with carbon in the presence of iron in an electric furnace (carbon reduction process). The lowcarbon ferromolybdenum alloy is more common than the high-carbon alloy, and it is produced by mixing MoO 3 , aluminum, ferrosilicon, iron oxide, limestone, lime, and fluorspar, and igniting the aluminum (thermite process). However, in the processes large amounts of slag and dust which cause environmental problems are inevitably generated. Specially, the thermite process uses high cost aluminum and silicon as reducing agents of MoO 3 . 3, 4) Therefore, it would be highly desirable to develop an alternative process to manufacture ferromolybdenum alloy. Generally, the two-step hydrogen reduction process to produce pure molybdenum powders is well known: The first step is to reduce MoO 3 powders to MoO 2 powders at the temperature of below 923 K and the second step is to produce molybdenum powders from MoO 2 powders at the temperature of around 1373 K. 1, 5) Although hydrogen used as a reducing agent of MoO 3 is expensive now, the process has many advantages because slag and dust are not generated in the process and additional additives are not needed. For these reasons, the hydrogen reduction process for manufacturing ferromolybdenum alloy by using MoO 3 -iron mixtures was investigated by Gasik and Ostrik. 6) However, scientific literatures offer little information about kinetic data on the hydrogen reduction process. The major objective of this research was to determine the kinetics of the reduction of MoO 2 by hydrogen. The kinetics of the reduction reaction would offer fundamental data to understand the influence of employed conditions such as temperature and heating rate on the manufacturing process of ferromolybdenum alloy or molybdenum metal powder. In the present study, a kinetic study on the hydrogen reduction of MoO 2 powder was experimentally investigated under nonisothermal condition using TGA equipment.
Thermodynamics
In general, the reaction between MoO 2 and H 2 (g) in the hydrogen reduction process to produce molybdenum powders can be represented by
The standard Gibbs free energy change (ÁG o ) and equilibrium constants (K 1 ) of the reaction (1) are summarized in Table 1 (1) . In this figure, the solid line displays the equilibrium state of the reaction (1), and the area below the line indicates that the reaction proceeds to the right side, while the area above the line does that the reaction proceeds to the left side. Thus, Fig. 1 points out the fact that the driving force of the reaction (1) for an arbitrary atmosphere of flue gas in the reaction system increases with increase in the reaction temperature. Figure 2 presents the reduction ratio of MoO 2 calculated from the mass change of oxygen occurred by the reaction of MoO 2 and hydrogen with the amount of hydrogen at the temperature range of 773 to 1273 K. The reduction ratios were obtained by the equilibrium compositions at each temperature calculated using HSC Chemistry 5.1. It is shown in Fig. 2 that the reduction ratio of MoO 2 by hydrogen is relatively low below 900 K compared to that over 900 K. Therefore, it might be expected under a nonisothermal condition that the reaction rate of the hydrogen reduction of MoO 2 will become to be fast at around over 900 K.
Experimental
Experiments for measuring the reaction rates of the hydrogen reduction of MoO 2 were carried out in a typical thermogravimetic analysis (TGA) unit. the mass changes taking place during the reaction. By means of a gas delivery system, mass flow controllers of hydrogen and nitrogen were also used. The gas temperature in the reactor was measured by chromel-alumel thermocouples. A uniform temperature profile of AE4 K was achieved over 2 cm length of the reaction tube. Dry hydrogen gas was used as a reducing agent, and dry nitrogen was used as an inert gas. A commercial MoO 2 powder (99.0%) of <48 mm size obtained from Aldrich Chemical Co. was used as a raw material. The experiments were conducted at three heating rates of 4, 8, 12 K/min from room temperature to 1273 K. A sample mass of about 500 mg (AE20 mg) of MoO 2 powders was used for each run. During heating, a steady flow of 0.5 L/min of dry hydrogen was maintained through the reactor tube, the microbalance protected from hot gases by flushing it with a dry nitrogen gas of 1 L/min. In order to measure the rates of the hydrogen reduction of MoO 2 in the negligible level of external mass transfer effects, sufficiently high flow rate (0.5 L/min) of hydrogen and bed height (below 1 mm which is obtained by spreading 500 mg of MoO 2 powders as a thin layer on a shallow sample tray) were chosen through preliminary experiments.
The morphological characterization of the samples was performed using a scanning electron microscope (JSM-6380LV, JEOL Ltd, Tokyo, Japan) equipped with an energy dispersive X-ray spectrometer (Link Isis 3.0, Oxford Instrument plc, Oxon, U.K). The XRD patterns were obtained using a X-ray diffractometer (Rigaku D-max-2500PC, Rigaku/MSC, Inc., TX, U.S.A) with Cu K radiation ( ¼ 0:154 nm) operated at 40 kV and 30 mA. Samples before and after the hydrogen reduction were analyzed by the inductively coupled plasma (ICP) method (JY-38 plus, Horiba Ltd, Kyoto, Japan). Figure 4 shows the TGA curve of the hydrogen reduction of MoO 2 obtained at a heating rate of 8 K/min under dry hydrogen atmosphere. The hydrogen reduction pattern obtained at the other heating rates was very similar. It was shown in the figure that the rate of hydrogen reduction of MoO 2 is significantly fast until around 1023 K at which the reduction ratio of MoO 2 is about 0.92. Although not shown here, the reduction ratio of MoO 2 was about 0.98 after finishing the reduction reaction at a heating rate of 4 K/min.
Results and Discussion
Here, the reduction ratio of MoO 2 powder at a particular temperature during the reduction reaction was determined by dividing the mass change of the solid sample up to that temperature by the total mass change at complete reaction calculated from stoichiometry. It was however found that the rate is very slow during the final stage of reduction. This rate decrease might be the reason why a dense molybdenum shell forms around the particles and subsequently inhibits gaseous transport during the reaction. The phenomenon was indirectly verified by scanning electron microscopy (SEM) analysis of samples before and after heating up to 1273 K. Figure 5 presents the SEM pictures. Figure 5 (a) shows a MoO 2 particle before reacting, Fig. 5(b) showing a Mo particle reduced from MoO 2 powder after heating up to 1273 K at a heating rate of 4 K/min. Based on an increase in density during the transformation of MoO 2 to Mo, it is considered that the crystallites grow to form a relatively dense layer, as shown in Fig. 5(b) . Thus, Fig. 5 indicates that the surface of Mo particles after reacting is much more impervious than that of MoO 2 particle. Also, the samples before and after reacting were examined by X-ray analysis, which is shown in Fig. 6 . XRD pattern of Mo metal was only detected at samples after heating up to 1273 K as shown in the figure.
Kinetic analysis of the thermal data obtained from the reaction of the hydrogen reduction of MoO 2 were done in order to interpret the mechanism of the reaction and to deduce the kinetic parameters. Figure 7 shows changes in the reduction ratio of MoO 2 with three different heating rates as a function of temperature. In the kinetic analysis, the degree of reduction ratio between 0.12 and 0.92 was investigated. Here, the reduction ratio of MoO 2 was calculated as explained previously. It was shown in Fig. 7 that the rate of the hydrogen reduction of MoO 2 becomes fast at around 900 K, although the reaction temperature is slightly different with heating rate. Such phenomenon could be explained by Fig. 2 that presents the dependence of reaction temperature for the reduction ratio of MoO 2 calculated from equilibrium compositions.
In the present study, kinetic analysis of the reaction rate of the hydrogen reduction of MoO 2 powder under nonisothermal condition was evaluated employing the model fitting method. 7, 8) The rate equation can be generally expressed by the following relation:
where is the reduction ratio of MoO 2 at temperature T, f ðÞ the conversion (the reduction ratio of MoO 2 ) function which is dependent on the mechanism of the reaction, the heating rate employed in the experiment, and kðTÞ is the rate constant as a function of temperature. The temperature dependence of the rate constant is described by the Arrhenius equation,
where A is the pre-exponential factor (frequency factor), E the activation energy, and R is the gas constant. And, substituting eq. (3) into eq. (2) gives,
Thus, eq. (4) can be represented by its integral form as follows: [7] [8] [9] gðÞ ¼
The algebraic expression of the integral gðÞ functions that are tested in this work are listed in Table 2 . [10] [11] [12] These expressions are generally applied for the kinetic analysis of gas-solid state reactions and encompass most common mechanism. However, eq. (5) has no analytic solution, and thus, several approximations were made. One of the most widely used approximations has been given by Coats and Redfern approximation which gives the expression:
where " T T is the mean experimental temperature. Thus, eq. (6) was used to analyze the thermal data shown in Fig. 7 . It is clear from eq. (6) that a plot of lnðgðÞ=T 2 Þ versus 1=T gives a straight line when the adequate gðÞ function is chosen. As explained previously, the gðÞ function describes the mechanism of the reaction.
The best fit for the thermal data obtained from the reaction of the hydrogen reduction of MoO 2 powder at the reduction ratio range of 0.12 to 0.92 is obtained using nucleation and growth model (A3) with considering all models listed in Table 2 , which is shown in Fig. 8 . Figure 8 shows plots of lnf½À lnð1 À Þ 1=3 =T 2 g versus 1=T using the thermal data of Fig. 7 according to eq. (6). It was thus verified that the nucleation and growth model was applicable as shown in Fig. 8 . From Fig. 8 , straight lines with high-correlation coefficient (r > 0:98) were selected to represent the possible controlling mechanism. Here, the activation energy can be calculated from the slope, the frequency factor from the intercept. The corresponding kinetic parameters are shown in Table 3 . Theoretically, the activation energy of a reaction is expected not to change with change in heating rate. But, the activation energy was found to decrease with increase in heating rate, as shown in Table 3 . In the study, the reason was not verified. It was only considered that the variation might be deduced to the experimental error. Similarly the frequency factor was also found to be change with heating rate. However, similar trends at nonisotermal condition have been reported in literatures. 8, 12, 13) As shown in Table 3 , the activation energy of the reaction of the hydrogen reduction of MoO 2 powder was calculated to be 50.2-65.9 kJ/mol, which is similar with that observed in the hydrogen reduction of MoO 3 obtained under stepwise differential isothermal analysis.
6)

Conclusion
A kinetic study on the reduction reaction of MoO 2 powder with hydrogen was experimentally investigated under nonisothermal condition using TGA equipment. The experiments were carried out at three heating rates of 4, 8, 12 K/min from room temperature to 1273 K. It was found that the reduction reaction is very fast under the whole heating rate until the reduction ratio of MoO 2 is about 0.92, and after that the rate becomes very slow. The rate decrease might be because a dense molybdenum shell forms around the particles and subsequently inhibits gaseous transport during the reaction. The reduction ratio of MoO 2 was about 0.98 after finishing the reduction reaction at a heating rate of 4 K/min. It was also investigated that the reduction reaction 
